Exposure to intermittent hypoxia (IH), such as occurs in sleep-disordered breathing, is associated with increased apoptosis in vulnerable brain regions as well as with spatial reference memory deficits in adult and developing rats. The latter are more susceptible to IH, suggesting that early exposure to IH may have long-term consequences. Rats were exposed to 14 d of room air (RA) or IH starting at postnatal d 10. Working memory was then assessed in the water maze at 4 mo of age using a delayed matching to place task in which the rats were required to locate a submerged platform hidden in a novel location on the first trial (T1 or acquisition trial), and then remember that position after a delay (T2 or test trial). Mean escape latencies and swim distances were derived and the savings (T1-T2) were used as a measure of working memory. Male but not female rats exposed to IH showed working memory deficits at both a 10-and 120-min delay (for both latency and pathlength). Additionally, Sholl analysis of Golgi-stained neurons revealed decreased dendritic branching in the frontal cortex, but not the hippocampus, of male rats exposed to IH. Norepinephrine concentrations, dopamine turnover, and tyrosine hydroxylase activity were increased similarly in males and females. However, increased dopamine concentrations were present only in the frontal cortex of female rats. In conclusion, exposure to IH during a critical developmental period is associated with long-term alterations in frontal cortical dopaminergic pathways that may underlie gender differences in neurobehavioral deficits. OSA is a highly prevalent condition that affects 2-3% of all children (1-3). It is characterized by the repetitive development of either complete or partial upper airway occlusion that leads to periodic hypoxemia and hypercapnia and to recurring arousals. In recent years, it has become apparent that OSA imposes substantial neurobehavioral morbidity (4 -6), particularly of functions pertaining to the PFC (7), and that such alterations in attention, executive, and intellectual function may not be completely reversible (8). The recent development of a rodent model, whereby IH is applied during sleep, has allowed for improved delineation of some of the potential mechanisms underlying the morbid consequences of OSA (8 -17). Furthermore, a unique period of neuronal susceptibility emerged, such that developing rats exposed to IH displayed reduced apoptosis during the immediate postnatal period but markedly enhanced neuronal cell loss between 10 and 25 d of age, compared with adult animals (18). Furthermore, exposure to IH during this period was associated with marked reductions in the ability to acquire a spatial task in the water maze and with locomotor hyperactivity in males but not in females (9). The potential irreversibility of the IH-induced effects was further suggested by Decker and colleagues (19), who reported altered dopaminergic transmission in rats exposed perinatally 
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METHODS
Six time-pregnant Sprague-Dawley rats were purchased from a commercial breeder (Charles River Laboratories, Wilmington, MA), and delivery times were recorded. The experimental protocols were approved by the Institutional Animal Use and Care Committee and are in close agreement with the National Institutes of Health guide for the care and use of laboratory animals. All efforts were made to minimize animal suffering, to reduce the number of animals used, and to use alternatives to in vivo techniques.
Chronic Intermittent Hypoxia Exposures
From d 10 to d 30 of life, animals were maintained with their dams in four identical commercially designed chambers (30 in ϫ 20 in ϫ 20 in; Oxycycler model A44XO, BioSpherix, Redfield, NY) that can accommodate three litters each, and were operated under a 12-h light-dark cycle (0600 -1800 h). Gas was circulated around each of the chambers, attached tubing and other units at 60 L·min Ϫ1 (i.e. one complete change per 10 s). The O 2 concentration was continuously measured by an O 2 analyzer and was changed throughout the 12 h of light time by a computerized system controlling the gas valve outlets, such that the moment-to-moment desired oxygen concentration of the chamber was programmed and adjusted automatically. The IH exposure profile consisted of 90-s periods of 10% O 2 alternating with 21% O 2 . Deviations from the desired concentration were met by addition of N 2 or O 2 through solenoid valves. This profile is associated with maximal reductions in oxygen blood tension with values ranging between 40 and 48 mm Hg in adult rats. Approximately 20 such cycles are administered per hour of exposure, such that 240 cycles occur per day. For the remaining 12 h of nighttime, oxygen concentrations were kept at 21% O 2 . Control litters (RA) were exposed to 21% O 2 throughout the 20-d exposure period. Ambient CO 2 in the chamber was periodically monitored and maintained at Ͻ0.01% by adjusting overall chamber basal ventilation. The gas was also circulated through a molecular sieve (Type 3A, Fisons, Loughborough, UK) so as to remove ammonia. Humidity was measured and maintained at 40 -50% by circulating the gas through a freezer and silica gel. Ambient temperature was kept at 22-24°C. Upon completion of the exposures, animals were returned to the vivarial facility, weaned, and kept in cages of either three males or three females per cage until 4 -5 mo of age, at which point in time they were studied.
Behavioral testing. The Morris water maze consisted of a circular pool, 1.8 m in diameter and 0.6 m in height, filled to a level of 35 cm with water maintained at a temperature of 27°C. Pool water was made opaque by addition of 150 mL of nontoxic white tempera paint. A Plexiglas escape platform (10 cm in diameter) was positioned 2 cm below the water surface. Extramaze cues surrounding the maze were fixed at specific locations and were visible to the rats while in the maze. Maze performance was recorded by a video camera suspended above the maze and interfaced with a video tracking system (HVS Imaging, Hampton, UK). Rats were temporarily tattooed with a black mark to allow video tracking. Before the spatial working memory task (outlined below), rats were pretrained on a standard place learning protocol until all groups obtained a similar level of performance.
Spatial working memory task. To test spatial working memory, a modified version of a working memory water maze task was used (20, 21) . During each daily session, rats received four trials consisting of an initial training trial (information trial), and three subsequent retention or choice trials. Times between trials information and choice trials were varied (10 or 100 min). The time between trials 2, 3, and 4 was 30 s. For each subsequent four-trial session, the hidden platform was relocated quasi-randomly to different quadrants and locations of the water maze. Performance was assessed by two measures, mean escape latencies and swim path distances. Escape latencies, swim distances, and swim speeds were analyzed by three-way ANOVA (gender, intermittent hypoxia, delay), followed by Newman-Keuls tests when appropriate.
Tyrosine hydroxylase activity. In vivo tyrosine hydroxylase activity was estimated as previously described (22) . Briefly, L-DOPA accumulation was measured after inhibition of dopamine hydroxylase, the enzyme catalyzing the conversion of L-DOPA to DA, using a specific inhibitor, m-hydroxymethylhydrazine (MHBH; Sigma Chemical Co., St. Louis, MO). MHBH was injected intraperitoneally (100 mg/kg body weight) 20 min before the animals were killed (23) . Brains were dissected, and Cx, PFC, CA1, and CA3 tissues from 5-mo-old rats exposed to either IH or RA during development (n ϭ 12/group) were stored in 0.1 N perchloric acid with 0.1% wt/vol EDTA, and frozen at Ϫ70°C until analyzed. TH activity in each tissue was expressed as picomoles per milligram protein of L-DOPA formed during 20 min. Neurochemical determination of L-DOPA tissue content was performed using HPLC as previously described, and L-DOPA accumulation was expressed as picomoles per milligram protein per 20 min (23) (24) (25) .
Chemical analyses. PFC and CA1 hippocampal brain tissue samples were obtained from IH-and normoxia-exposed males and females. Tissues were sonicated in 0.5-1 mL of 0.1 M HClO 4 for 30 s, and centrifuged for 15 min at 26,000 g, 4°C. Then, a 20-mL supernatant aliquot was injected directly into a HPLC column. For monoamine analyses, a CLC-ODS(M) Shimadzu column (Kyoto, Japan) was used. The mobile phase was 0.163 M citric acid, pH 3.0, containing 0.02 mM EDTA with 0.69 mM sodium octanesulfonic acid as an ion-pairing reagent, 4% (vol/vol) acetonitrile, and 1.7% (vol/vol) tetrahydrofurane. Norepinephrine, dopamine, 3,4-dihydroxiphenylacetic acid, homovanillic acid; serotonin, and 5-hydroxy-3-indoleacetic acid were electrochemically detected using an amperometric detector (Model L-ECD-6A, Shimadzu), by oxidation on a glass carbon electrode at 0.85 V in relation to an Ag-AgCl reference electrode. The amounts of neurotransmitters and metabolites in the supernatants were calculated by comparing their elution times and peak heights with those of standards. Results are reported as nanograms per gram wet tissue.
Sholl analysis. For morphologic study, rats were anesthetized with sodium pentobarbital and perfused through the ascending aorta with 4% paraformaldehyde in PBS buffer (pH 7.4) for 45 min. These brains were then postfixed in 10% formalin in PBS buffer overnight. Blocks of sagittally cut, 10% formalinfixed rat brain encompassing the prefrontal and piriform cortices were stained with the rapid Golgi method as detailed elsewhere (26) . Briefly, the blocks were impregnated using osmium tetroxide plus potassium dichromate, followed by immersion in silver nitrate. After dehydration, the blocks were embedded in nitrocellulose, and coronal sections were cut at 120 m. Camera lucida drawings of the basilar tree were made using a 40ϫ long-workingdistance oil-immersion lens, a 1.6 Zeiss optivar intermediate lens setting, and a 10ϫ ocular. For dendritic analyses, six pyramidal neurons in each of prefrontal cortical layers from each animal were randomly selected for assessment (n ϭ 6 animals for control males and n ϭ 6 animals for IH-exposed males). Similarly, six pyramidal neurons from the dorsal CA1 region of the hippocampus were also randomly assessed for each animal. A profile for representative neurons in each region of individual animal was generated, with data averaged for each animal. The randomly selected neurons were located in a cortical region starting medially from the midsagittal fissure (but not including the cingulate cortex) and extending laterally to the rhinal fissure. Also, the selected neurons had to meet the following criteria: a soma located in the middle one-third of the thickness of the slide; fully impregnated basilar dendritic tree and spines as ascertained by microscopic observation under high magnification; and no obscuring of branches in the neuropil by glia, blood vessels, or precipitate. The extent and distribution of dendritic branching of these neurons were evaluated by Sholl analysis [method of concentric circles (27) ]. Briefly, a transparent overlay of increasingly larger concentric circles at 10-m intervals was superimposed on the camera lucida drawing of each basilar tree and the number of dendritic branch intersections (e.g. hits) with each progressively larger circle counted to a distance of 200 m from the soma of each neuron. The total dendritic length for the basilar tree of each neuron was calculated by tracing camera lucida drawings with a planimeter. Radial tip analysis measured the straight distance between the tips of branches from the center of the cell body. The soma size was measured from the area of a neuron cell body obtained by camera lucida drawings. For spine analysis, only visible flanking dendritic spines were counted along 30-m terminal-tip segments of four total segments for each of five randomly selected neurons per animal under a magnification of ϫ1200.
RESULTS

Working memory task.
At the time of testing, body weights and brain weights were similar in either IH-or RA-exposed males or females. In males (n ϭ 12/group), exposure to 20 d IH during development produced significant long-term working memory deficits at both 10 and 120 min delays when tested 4 mo later (Fig. 1 a, ANOVA, p Ͻ 0.01 for both latency and pathlength). These differences occurred in the absence of any alterations in T1 latencies or pathlength. In contrast, no effect of IH exposure during development on working memory was observed in female rats on either latency or pathlength measures (Fig. 1b, p-not significant; n ϭ 12/group) . No significant effect of gender or IH was observed on swim speed, indicating 595 INTERMITTENT HYPOXIA AND DEVELOPMENT that the observed differences were not due to motor or motivational alterations in our experimental groups (Fig. 2) .
Tyrosine hydroxylase activity. Exposure to 20 d IH during development significantly increased TH activity in the PFC, as measured by DOPA accumulation during 20 min after inhibition of aromatic amino acid decarboxylase (for males: IH, 18.9 Ϯ 1.9 versus RA, 8.7 Ϯ 1.5 pmoles DOPA/mg protein; p Ͻ 0.01; n ϭ 12/group; Fig. 3 ). However, no gender differences emerged (NS; Fig. 3 ). Similarly, TH activity was also increased, albeit to a lesser extent in the Cx (IH, 7.4 Ϯ 1.1 versus RA, 4.7 Ϯ 0.8 pmoles DOPA/mg protein; p Ͻ 0.03; n ϭ 12/group). Again, no gender differences were present. No significant changes in TH activity occurred in either CA1 or CA3 hippocampal regions in either male or female rats (Fig. 3) .
Monoamine tissue levels. The summary of tissue levels for norepinephrine, dopamine, 3,4-dihydroxiphenylacetic acid, homovanillic acid, serotonin, and 5-hydroxy-3-indoleacetic acid is shown in Table 1 . Both males and females exposed to IH displayed significant increases in norepinephrine levels within the PFC with no gender differences emerging. However, substantial increases in dopamine and 3,4-dihydroxiphenylacetic acid concentrations in the PFC occurred in females exposed to IH, but not in males exposed to IH (Table 1 ; p Ͻ 0.01). No significant differences in the other monoamines were present.
Sholl analysis. Sholl analysis of Golgi-stained neurons revealed a significant decrease in dendritic branching in the layer 5 of the frontal cortex of male rats (Fig 4 a; p Ͻ 0.005; n ϭ 36 cells per experimental group). No significant differences in dendritic arborization were observed in the CA1 region of the hippocampus (Fig 4a; NS; n ϭ 36 cells per experimental group). Similarly, no differences emerged in the PFC of female rats exposed to either normoxia or intermittent hypoxia. The mean total dendritic length and soma size per neuron were similar across groups. However, the number of dendritic spines tended to be reduced across all layers within the PFC of males, but not of females, exposed to IH (F ϭ 2.48; p ϭ 0.053).
DISCUSSION
This study shows that intermittent hypoxia during a short but highly vulnerable period of postnatal development leads to substantial alterations in working spatial memory in male but not female rats and that these neurobehavioral deficits coincide with reductions in dendritic branching in neurons within the PFC but not within the CA1 region of the hippocampus. Furthermore, gender-and IH-related differences in monoamine brain tissue levels emerged and may account for some of the functional deficits observed in male rats.
Before we discuss the potential implications of our findings, some methodological issues deserve comment. The intermittent hypoxia protocol used in this study was developed such as to elicit arterial PO 2 changes that would mimic the duration and magnitude of oxyhemoglobin desaturations occurring during apneic events in patients with sleep-disordered breathing (8) . The cycle frequency used herein, however, would correspond to a relatively high degree of disease severity, and, therefore, we cannot infer on the potential consequences of milder conditions. In addition, the overall duration of exposure was selected to correspond to the period of susceptibility to IH that we previously identified (18) . Thus, it remains unclear whether exposures of shorter duration are associated with complete recovery or with similar long-term effects to those found in the 596 present study. In other words, systematic exploration of the relative contributions and potential interactions between hypoxic stimulus severity, cycle frequency, and overall exposure duration will be critically needed in future experiments to better define the conditions and thresholds that lead to either complete reversibility or to persistent neural dysfunction.
Precautions were taken to standardize all aspects of animal handling including time of weaning, allocation to genderspecific cages, and circadian timing of the water maze routines. We further allowed for several training days in excess of those needed to reach asymptotic learning in the spatial reference task to ascertain that performance in this task was similar in the two treatment groups. Nevertheless, the paradigm selected for working memory assessment is one of relative complexity, since it requires the coordinated action of both frontal and temporal lobe structures (28) , and such complexity may have exacerbated the differences between IH-and RA-exposed groups. Notwithstanding such concerns, it should be emphasized that the inclusion of a short latency delay in the experimental design was based on these very same considerations and aimed to verify the reproducibility of the findings using the longer latency period.
The long-term impact of hypoxia during development on brain function during adulthood has only been summarily explored thus far. Grosjean and colleagues (29) have shown that a single 20-min exposure to severe hypoxia/anoxia leads to long-term slowing in the ability to acquire a variety of neurobehavioral tasks. In another recent study, Simonova and colleagues (30) exposed newborn rats to intermittent hypobaric hypoxia for the first 19 d of life. The escape latencies from a spatial memory task using the Morris water maze were longer in the rats exposed to IH both upon completion of the exposure and approximately 3 mo later. These functional deficits were associated with decreased staining for neurofilament immunoreactivity, astrocytes (GFAP), and oligodendrocytes (RIP) in the hippocampus and somatosensory and motor cortices in the younger animals and only minimal changes in these regions upon reaching adulthood (30) . Similar findings have been reported using other hypoxic paradigms during early postnatal life (31) (32) (33) . For example, Nyakas and colleagues (34) have conclusively demonstrated that application of hypoxia or hypoxic-like treatments leads to substantial effects in the architectural development of specific neural regions (e.g. striatum, cortex, and hippocampus), and that these anatomical changes are accompanied by changes in the expression of recognized neurotransmitters (i.e. cholinergic and dopaminergic pathways) as well as by performance deficits in the underlying neurocognitive substrates. In our previous work, we specifically showed that IH leads to acute deterioration in spatial reference task acquisition and retention and that, in male rats, these deficits are further associated with increased locomotor activity (9) . Conversely, application of the same IH paradigm as the one used herein during gestation did not reveal any significant alteration in the ability of offspring to acquire a spatial reference task at either 30 d or 120 d of life, despite lifelong modification of the neural correlates of ventilatory control (12) . The overall number of iterations required to achieve similar performances in the spatial reference task was higher in IH-treated adult males compared with their corresponding normoxic controls. This suggests that although the ability to acquire the task is somewhat disrupted as a long-term consequence of IH, overall learning can be achieved, thereby suggesting that the major problem underlying the learning process may be the result of prefrontal cortical dysfunction rather than represent hippocampal dysfunction per se. The latter dysfunction is further less likely to be present when considering the normal dendritic arborization found in randomly selected neurons from the CA1 region in male rats. In contrast, the reduced dendritic branching found in the male rats in frontal cortical neurons lends credence to the assumption that the prefrontal structures underlying executive tasks such as those required for adequate spatial working memory, are particularly susceptible to disruption by IH, and that the structural 597 changes identified by the unbiased and blinded Sholl analyses are associated with decreased functions that rely on intact prefrontal cortex integrity. Gender differences were clearly present in this study and displayed improved functional outcomes for female rats compared with their male littermates. The mechanisms mediating such disparities between the functional and structural abnormalities found among male rats and their absence in female rats are unknown and clearly intriguing, considering the absence of gender-related differences in the susceptibility to IH-induced apoptosis (18) . Interestingly, we found alterations in TH activity after IH, but these were not selectively represented in the male rats, and, in fact, similar changes occurred in both males and females. However, dopamine levels were significantly higher in females within the PFC compared with males, whereas the increases in norepinephrine in this region were similar across genders. Based on such findings, we can postulate that disruption of dopaminergic pathways, rather than norepinephrine pathways, as a consequence of IH, may be a direct causal mechanism responsible for the selective genderdependent effect of IH on working memory. Alternatively, gender differences in the neuroanatomy, dopaminergic innervation of the striatum, the PFC, and/or changes in catecholaminergic receptors could be involved in the observed sexual dimorphism (34 -36) . Of note, similar changes in components of the dopamine neurotransmitter regulatory cascade were identified by Decker and colleagues (19) within selective regions such as the striatum following perinatal intermittent hypoxia. Although the IH paradigm and overall study design markedly differed between Decker and colleagues and the present study, the striking similarities in neurobehavioral vulnerability and disruption of TH-related pathways in these two studies suggests that a potential mechanistic relationship between the alterations in neurotransmitter and in function. Thus, we cannot exclude the possibility that hormonal gender-related receptors may differentially affect the function of the dopaminergic pathways in the affected brain regions, such that either their intrinsic neurotransmitter pathway putative function is restored in the females or that the recovery-plasticity capability of such neurons is enhanced by the presence of estrogen receptors and their activity (35, 38) . While these assumptions will have to await more specifically targeted studies on this issue and are clearly beyond the scope of the present work, it is intriguing, albeit not totally unexpected (39) , that exposures to IH before pubertal onset may yield gender-related differences.
In summary, we have shown that application during a restricted developmental period of intermittent hypoxic patterns that mimic the oscillatory behavior of oxygen saturation occurring in patients with obstructive sleep apnea leads to altered regulation of tyrosine hydroxylase activity in cortical regions, and also to gender-selective disruption of working memory performance during adulthood. The latter findings may be accounted at least in part by concomitant decreases in dendritic arborization in frontal cortical neurons, and are reminiscent of the reduced school performances found among older children who snored during early childhood (40) .
